INTRODUCTION
High sensitivity photodetectors are crucial for optical communication, information, and sensing systems. '" Pas- sive detectors such as p-i-n photodiodes,3'4 photodetectors with high optical gains, namely avalanche photodiodes (APDs)~~~~ and heterojunction phototransistors (HPTs) 6-1o have been studied in some detail. Avalanche photodiodes and HPTs amplify the photogenerated carriers which enables the overall sensitivity to be very large. The quantum efficiency 77 of these conventional photodetectors, however, is basically limited by the absorption coefficient a, thickness d of the absorbing layer, and surface reflection coefficient R, i.e., 77 =
(1 -R)*(l -e -4d) .l To achieve high r] in these devices, a thick active layer and a surface antireflection coating are essential. However, devices employing a thick absorption region suffer from longer transit times which reduce the device speed. Therefore, it is desirable to enhance the quantum efficiency without increasing the active layer thickness.
The enhancement in q can be achieved by incorporating the active region into a resonant cavity such as those used in detectors composed of AlGaAs/GaAs HPTs," and GaInAs/AlInAs Schottky photodiodes. The general formulation of quantum efficiency of resonant cavity enhanced (RCE) photodetectors was presented earlier.i3 This preliminary work formulates the quantum efficiency in a closed analytical form which is very useful for analyzing the dependence of q on various structural parameters. However, the standing wave distribution within the cavity was neglected.
In the present study, the "standing wave effect" (SWE) which is especially significant for thin absorbing a)Permanent address: Sophia University, Tokyo, Japan. layers is discussed. The results are compared with an alternative numerical method accounting for every interface and its relative position with respect to the field distribution. The two methods are shown to give nearly identical results. We also discuss the application of the RCE detection scheme to achieve high photosensitivity using Ge and Si absorbing layers. The design criteria for RCE photodetectors are first presented. Then, the potential of high sensitivity photodetectors with Ge as the active layer between GaAs/AlAs mirrors is investigated at wavelengths ranging from 1 to 1.55 pm. The wavelength selective properties of these detectors are discussed for optical communications. Design parameters for a unity gain Ge detector are also analyzed. Finally, RCE detectors with Si active layers in a cavity formed by GaP/AlP mirrors are proposed. Figure 1 shows a schematic representation of an RCE detector with a p-i-n active layer structure. The same resonance effects also apply for different device configurations, such as HPTs," Schottky diodes,12 and photoconductors. ' The two end mirrors can be formed by quarter-wave stacks of large band gap semiconductors. The active layer is positioned between the two mirror structures at respective distances L1 and L2 from top and bottom mirrors.
METHOD
The wavelength dependent photosensitivity of RCE detectors has already been presented" for a lossless cavity of optical length OL, with an active region of thickness Ca, absorption coefficient a, and top and bottom reflectivities RI and R2, respectively, as
where fi = 2rn/;lo (n: refractive index, /zo: free space wavelength). Maxima of 7 can be obtained for PL = mr. A similar relation for the peak value of q has also been presented. l4
In the present formulation, the standing wave effect (SWE) is accounted for by an effective absorption coefficient [aer = SWE(/Z) *a] that is dependent on the relative position of the active region within the cavity. When detectors with thick active layers requiring moderate quantum efficiencies are considered, the standing wave effect can be neglected. For example, for active layers thicker than one period of the standing wave (i.e., d > &/2n) the effective coefficient is within 20% of the actual a. For very thin active layers, as in the case of strained-layer absorbers or when very high ( unity) quantum efficiencies are desired, this standing wave effect needs to be accounted for. Given below is a formulation for the effective absorption coefficient to calculate the quantum efficiency accurately regardless of the absorbing layer thickness and position.
Using a perturbation analysis of Maxwell's equations including the loss factors and assuming uniformity along the transverse direction we can express the effective absorption coefficient as
where il = &/n and E(z) is the total electrical field in the cavity at a given wavelength. For the present structure, a is negligible outside the active region and can be assumed to be constant in the active region. Then,
where the denominator is the average of the standing wave. This treatment is similar to that invoked previously for surface emitting lasers, assuming a known standing wave distribution. l5
In this study, we will calculate the standing wave distribution for a given set of parameters and evaluate the effective absorptioncoefficient by a iirst-order perturbation over the lossless case. The change in the propagation constant in the lossy region is neglected since the real part of the permittivity for a low-loss dielectric is much larger than the imaginary part (corresponding to absorption), and all the investigated semiconductors can be considered as low-loss dielectrics at wavelengths of interest. For the sake of simplicity, we also neglect the reflection from the active region interfaces. This approximation is valid when a heterostructure with subtle changes in the permittivity such as Ino,,,Gac9,As/GaAs is considered. An alternative 4050 J. Appl. Phys., Vol. 71, No. 8, 15 April 1992 method will be discussed for the more general case when the reflection from the absorption region interfaces is not negligible. The standing wave comprises forward (Ef) and backward (Eb) propagating waves assuming a lossless cavity '" as follows:
where the field reflectivities for the mirrors are given as r,e -j*i( i = 1,2) and Ein is the incident field. The total E field inside the cavity can be written as
and
Substituting (4a) and (4b) +2r2COS [W(J5--z) +~~]]~~in~2.
In this equation, the term in large parentheses can be considered as the enhancement effect of the resonant cavity. Note that, under resonance condition and for an ideal bottom mirror (Q = 1 >, this term reduces to 11 -Y : I/ 11 -rl 1' > 1 which increases rapidly with increasing reflectivity showing the field enhancement in the resonant cavity. The term in brackets is position dependent representing the influence of the standing wave. Figure 2 shows the magnitude of the electric field as a function of wavelength and position, deduced from Eq. (7) for a GaAs RCE detector. Top and bottom mirrors are GaAs/AlAs quarter wave stacks of five periods (RI = 0.84) and 20 periods (R2 ;= 1 ), respectively, at 0.9 pm center wavelength. As can be seen from Fig. 2 , the position of the active region is of crucial importance for thin active layers.
Substituting (7) into (3), we obtain the dependence of the standing wave effect on the cavity parameters.
(8) Note that the SWE is a function of the magnitude r2 and phase rj2 of the bottom mirror reflectivity. The SWE is implicitly dependent on the top mirror phase $r through the resonance condition (2flL + ljll + I)~ = 2mr). The standing wave effect is explicitly dependent on the wavelength through p = 2m/.&,. The mirror reflectivities in (8) are also functions of the wavelength. As will be discussed later, the reflectivity phase 7,/1~ for dielectric stack mirrors is a strong function of the wavelength. Figure 3 (a) shows the dependence of SWE on the wavelength for a RCE detector example with various active layer thicknesses ci.
(aI ranges between 0.35 and 1.7 resulting in drastic variations in the device, photosensitivity at different wavelengths as will be presented later. For d = 1300 A(, &/2n, dotted line) SWE is nearly unity throughout the given wavelength range as expected from (8). The maximum deviation in SWE for thicker active regions will occur at 2000 A (d z 3&f4n, dashed line) and ranges from 0.8 to 1.2. For this case variation of photosensitivity at resonance is less than f 10% for a = 104cm-'.
For an ideal bottom mirror, r2 -1, q2 = 0, real top mirror reflectivity r/r = 0, and L1 = L2 (active region is in the center of the cavity), this standing wave effect reduces to a simple form similar to that presented for surface emit-ting lasers,r5 and given by, under the resonance condition, sin j3d SWE=l+cosmrrF=l* sin fld W ' (9) where plus( + ) and minus( -> signs correspond to the cases when the center of the active region is at the standing wave maximum and minimum, respectively. These cases represent the extremes of the standing wave effect and are shown in Fig. 3 (b) . The solid and dashed lines indicate the case with the plus and minus signs, respectively. The above given first-order approximation for the effective absorption coefficient [Eq. (8) ] can be used to calculate the photosensitivity of RCE detectors using Eq. ( 1). However, further analysis of the detector response, such as crosstalk calculations, becomes complicated due to the wavelength dependence of the standing wave effect. Furthermore, this method does not account for any refractive index change in the active region and the resulting reflections at these interfaces. Therefore it is only valid for structures where the refractive index difference between the absorbing layer and the cavity material is negligible. One example of such a structure is a small mole fraction In,Gai -As (X ~0.1) absorbing layer in a GaAs cavity.13 Since the imaginary part of the propagation constant jI is much larger than its real part a (absorption coefficient) the overall change in the refractive index is negligibly small even for drastic changes in the absorption spectrum with composition. Excellent agreement between the experiments and predictions indicates the validity of this model for such structures with subtle changes in the refractive index.r3 For the analysis of structures where the refractive index of the active region is considerably different, an alternate technique is needed. A different approach to calculate the quantum efhciency will be presented and the results from these two techniques will be compared.
The analysis of the spectral response of RCE devices is carried out under the assumption of normal incidence for simplicity. A simple transmission line model16 was used to evaluate the total reflection from the cavity at a given wavelength. The impedance at a given optical frequency is calculated at every interface starting from the substrate and ending at the epilayer surface. The overall reflection coefficient for the cavity is then calculated. Every semiconductor layer is considered as a transmission line segment in which the characteristic impedance is given as follows:17
where & and E" are real and imaginary parts of the dielectric permittivity E = E' ~ je", respectively. For a low-loss dielectric ( E'>E" ), the propagation constant y can be expressed as:17 9 II 2 y=~+jfkjtiJ;;' l-j&+$ ; . i ( )I (11)
Equating the real parts of ( 11) For a lossless dielectric a = 0, i.e., E is real making the characteristic impedance real and the propagation constant purely imaginary. For all the semiconductors considered in this manuscript, the attenuation constant is small enough for the relevant wavelengths, to satisfy E'>E" and therefore, 1 E] z E'. For these semiconductors, the physical parameters such as the permittivity and absorption coefficient are well known and can be found elsewhere for all pertinent photon energies. l8
For an infinitely thick substrate, the impedance of the substrate (Z,, 1) can be computed from ( 10). The impedance is transformed for every layer of semiconductor of thickness Ii and characteristic impedance Z,, according to'6,17
where N represents thIe total number of semiconductor layers including those of quarter-wave mirror stacks. This procedure is repeated from the substrate to the epilayer surface. Once the input impedance (Zi,) of the entire detector structure is known, overall complex reflection coefficient can be evaluated asr6 (15) The quantum efficiency is approximated as the difference between the reflection coefficients for a lossless cavity (assuming a = 0) and a cavity with a linite absorption coefficient in the active layer. The approximation is valid when the bottom mirror has high reflectivity. This method accounts for the relative position of the active layer with respect to the standing wave. Figure 4 shows a comparison of the SWE (effective absorption coefficient) approximation and the exact method described above for an active region thickness of &,/4n. The active region was assumed to have the same refractive index (n = 3.5, GaAs) as that of the spacer regions (Lr =-L2 = 2 ,um) and a constant absorption coefficient (a = lo4 cm-') for the entire spectrum. The bottom mirror consists of a 20-period AlAs/GaAs quarterwave stack. All the layers except for the absorbing region are assumed to be lossless. A GaAs-based structure involving a strained InGaAs absorber with small In mole fraction at wavelengths around 9000 A (Ref. 11) is a very good representation of this idealized case. The quantum efficiencies calculated by the two methods described above are nearly identical over the entire wavelength range. Evidently, the first-order approximation to the effective absorption coefficient is sufficient. The dashed line represents the case where the standing wave effect is neglected [Eq. Cl)]. Note that neglecting the standing wave effect results in a considerable error for thin absorbing layers.
Although the effective absorption coefficient method gives an explicit expression for the quantum efficiency it is not possible, within the framework of this method, to in- elude layers having significantly different refractive indices within the resonant cavity. As composite structures with very different materials become more popular, the transmission line modeling method should be the method of choice.
DESIGN CRITERIA FOR RCE PHOTODETECTORS
Below we outline the design criteria for resonant cavity enhanced photodetectors, keeping in mind that the resulting structure must be a very low loss one except in the active absorption region. Synthesis of such a detector requires a unique combination of materials and technological capability for each portion of the overall structure. Below we will compartmentalize the detector structure into two major regions and discuss the pertinent issues for each.
Mirror and cavity layers: To obtain a high reflectivity mirror and maintain good crystalline quality, two latticematched materials having significantly different refractive indices are required. A large refractive index difference is desirable to minimize the number of periods necessary for high reflectivity. The materials constituting the mirrors and the cavity must also have sufficiently large band gaps to avoid absorption of the incident light, i.e., enabling the formation of a low loss cavity, at the operating wavelength.
Active region: First we will discuss the selection criteria for the active region material imposed by the material properties of the mirror layers. To avoid dislocation formation at the heterointerface the active material needs to be lattice matched to the mirror materials. To circumvent the problems associated with growth of lattice-mismatched materials, thick buffer layers can be utilized. However, in the case of RCE detectors, a buffer layer of the active material can not be tolerated since it introduces extrinsic 4053 J. Appl. Phys., Vol. 71, No. 8, 15 April 1992
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Besides lattice matching to the cavity, the active region should be selected in such a way to maintain a moderate absorption coefficient a (i.e., 1 x lo3 < a < 5 X lo4 cm -') within the operation spectrum. If a is very small, a thick active layer is required resulting in an increased transit time and thus degrading the high-speed performance. In the case of a large a, only for very thin active layers does the RCE concept become beneficial. The optimal positioning of this thin layer with respect to the standing wave formed in the cavity may render more complex design and growth of these structures. Furthermore, a thin absorption region required for optimum device design limits the breakdown voltage.
An additional limitation on the absorption coefficient arises from the need for heavily doped contact regions. To avoid impediments in carrier collection owing to the conduction and valence band spikes at the heterointerfaces of the active region with the larger band gap materials, heavily doped contact layers composed of the same material as the depleted absorption layer are needed. These regions (layers denoted as p and n in Fig. 1 ) are neutral (no electrical field) where carrier transport is governed by diffusion only. Since diffusion is a much slower process compared to drift, minimizing the light absorption in these neutral regions is desirable for high-speed detection. The thickness of the contact layers cannot be made arbitrarily small due to lateral access resistance considerations endemic to the mesa structures. If a is very large these contact layers will have to constitute a major portion of the entire absorbing layer resulting in considerable absorption in the neutral regions. Therefore, a very large absorption coefficient is not desirable.
In addition to the lattice and optical properties of the absorption region, the electronic properties of the active material should also be considered. For example, an active material with a large carrier lifetime is desirable to reduce recombination losses. Indirect band gap semiconductors such as Ge and Si have very large carrier lifetimes compared with direct band gap materials such as GaAs. Low bulk and surface generation recombination rates are also crucial for reducing the dark current and noise.
Besides the requirements listed above, a suitable substrate and dopant sources are necessary. We propose two novel device structures which satisfy these guidelines: (1) Ge detectors with GaAs/AlAs mirrors on GaAs substrates, and (2) Si detectors with GaP/AlP mirrors on Si substrate.
Ge DETECTORS WITH GaAs/AIAs MIRRORS First, we discuss the optical and electrical properties of Ge, GaAs, and AlAs within the context of the guidelines given above (Table I) .18 The good lattice matching between Ge and GaAs (0.25%) enables dislocation free growth of Ge on GaAs. The Ge on GaAs growth has been extensively studied and excellent diode characteristics have been demonstrated in this material system.'9920 The Ge RCE detectors with quarter-wave stack GaAs/AlAs mir- rors will be considered for wavelengths from 0.95 pm (1.3 eV) to 1.55 ym (0.8 eV). In this wavelength range, the absorption coefficients for the mirror materials (GaAs and AlAs) are negligibly small ensuring low-loss cavity formation. The absorption coefficient of Ge is moderate for the same wavelength range. The refractive index difference between GaAs and AlAs is moderate ( 16-18%) ; therefore, a large number of periods will be needed for high reflectivity mirrors. Since the lattice mismatch between these two materials is minimal (0.1% ) the growth of many periods does not represent a major problem.21 Figure 5 shows the magnitude and phase of the reflectivity for a quarter-stack GaAs/AlAs mirror designed at 1.3~pm center wavelength as seen from a Ge top layer. As can be noticed, the reflectivity increases with the number of periods. The magnitude of the reflectivity is nearly constant within the stop band for mirrors with a large number of periods. However, the phase shows a strong dependence on the wavelength that increases with the number of periods. The phase is particularly important for very thin active absorbing layers since the effect of the standing wave distribution increases with decreasing thickness.
To attain very high quantum efficiencies a bottom mirror with unity reflectivity-is desirable. As can be seen from Fig. 5 , quarter-wave DBR mirrors with nearly unity reflection coefficient require a very large number of periods. In such detectors, the use of metal films as a unity reflection mirror has been proposed.14 However, at optical frequencies, even noble metals such as gold are not ideal reflectors. The reflectivity of metals on different materials can be evaluated using their wavelength dependent optical constants.22723 For example gold is 98% reflective in vacuum at wavelengths around 1 ,um which reduces to about 94% on GaAs and it is slightly smaller on Ge since these semiconductors have much larger refractive indices compared to air. Therefore, metal films alone cannot be construed as ideal mirrors. For nearly unity quantum efficiency detectors, a hybrid approach must then be used employing a quarter-wave stack and a metal film as the bottom mirror. For example, at l-pm wavelength a sixperiod AlAs/GaAs mirror with a deposited gold film will have a reflectivity of more than 99%. Figure 6 shows a schematic representation of the proposed Ge RCE photodetectors on GaAs/AlAs.
The bottom mirror consists of a quater-wave stack of alternating GaAs/AlAs layers. The air to native Ge interface can be employed as the top mirror. If a higher reflectivity top mirror is desired, a similar quarter-wave stack of semicon-4054 ductor or dielectric materials can be grown on top of the active layer. A heavily doped GaAs layer is placed between the Ge active region and the mirror structure. The purpose of this layer is to minimize the lateral access resistance without increasing the thickness of the heavily doped (neutral) Ge contact region. Furthermore, the resonant modes of the optical cavity can be tuned by varying the thickness 1.0
12500 13000 13500 14 (L2) of this GaAs contact layer for a given Ge thickness. For detectors sensitive to various wavelengths on the same wafer, the growth can be interrupted after the mirror structure and the contact layer can be stepped by chemical etching that results in different cavity lengths.24
The spectral response of RCE detectors with Ge active retions were computed using the transmission line analogy. The calculated spectral response of Ge RCE detectors designed for 1.3~pm operation with a 0.5~pm Ge active region and three different GaAs contact layer thicknesses are shown in Fig. 7 . The quantum efficiency of a similar Ge detector, but one without a resonant cavity, is also shown (dashed line) for comparison. A significant increase in the quantum efficiency at resonant wavelengths should be noted. For a 0.5~,um-thick Ge layer this improvement is by a factor of 4.7 (from 20% to 94%) at 1.3ym wavelength (Fig. 7) . For thinner active regions the RCE effect is more drastic. Figure 8(a) shows the maximum quantum efficiency for Ge RCE detectors with a 20-period GaAs/AlAs mirror at 1.3~pm center wavelength for different Ge thicknesses in comparison to conventional detectors. As can be seen from Fig. 8 (a) the quantum efficiency is enhanced by a factor of 7.5 (from 10% to 75%) for 0.3~pm active layer.
Since the absorption coefficient of Ge decreases with increasing wavelength, at longer wavelengths (1.55 pm) thicker Ge layers are needed rendering the RCE effect more important. Figure 8(b) shows the peak quantum efficiency of a similar Ge detector with mirrors designed for 1.5~pm operation wavelength. In addition to enhancing the photosensitivity, the wavelength selective detection scheme offered by RCE detectors can be utilized for wavelength demultiplexing in wavelength division multiplexing (WDM) systems.22 Since the reflectivity is fairly small for native semiconductor surfaces (R ~0.3 ) , RCE detectors incorporating the semiconductor surface as the top mirror are not highly wavelength selective as evidenced by a crosstalk attenuation of 12 dB obtained in a three way demultiplexer.22 A better wavelength selectivity is required for modern WDM systems25 and can be achieved by increasing the surface reflectivity.i3 Figure 9 shows the calculated spectral response of RCE detectors where a Ge active region is sandwiched between two GaAs/AlAs quarter-stack mirrors. To achieve different resonant wavelengths on the same substrate, a variation in the total cavity length is required. This variation can be obtained by interrupting the growth and stepping the epilayer surface at some point prior to the growth of the top mirror, i.e., either Li or L2 This stepping scheme requires ex situ processing of the layers and regrowth. To maintain the crystal quality in the active absorption region, we suggest an ex situ processes after the growth of the active region is completed, i.e., recessing L1 to alter the total cavity length. To reduce the series resistance while keeping the fabrication simple, the top mirror may be doped. An alternating quarter-wave stack of dielectric materials, such as SiOZ/Si3N4 or amorphous Si/SiOB, can also be used as the top reflector. As can be seen from Fig. 9 , very high wavelength selectivity is attainable for a top mirror of only five periods. The dependence of crosstalk attenuation on cavity parameters has been studied earlier and a strong dependence on the top mirror reflectivity was demonstrated.i3
Si DETECTORS WITH GaP/AIP MIRRORS Table II'* lists the optical and electrical properties of Si, GaP, and AlP in the wavelength range from 0.86 pm ( 1.4 eV) to 0.5 ,um (2.4 eV). In this wavelength range, the absorption coefficient for the mirror materials (GaP and Alp) is negligibly small ensuring a low-loss cavity. Although the energy baud gap of GaP is only 2.2 eV, the absoption coefficient remains sufficiently (much smaller than that of the active region) low even for blue light (2.4 eV) . Therefore, RCE detectors with GaP/AlP mirrors can be fabricated for the entire visible spectrum. The refractive index difference between GaP and AlP is moderate ( 12-19%) necessitating a large number of periods. Since the operation wavelengths of these Si detectors are shorter than Ge on GaAs/AlAs detectors, the thicknesses of the quarter-wave mirror stacks are also smaller. Therefore, high reflectivities can be achieved with relatively thin layers.
The schematic representation of the Si on GaP/AIP detectors is shown in Fig. 10 . The structure can be grown on Si substrates allowing integration with electronic devices. Growth of GaP on nearly lattice-matched Si is well established.26 Good crystal quality can be obtained by growing a thick GaP buffer layer before the mirror.
The absorption coefficient of Si in the visible to near infrared spectrum is moderate (see Table II ). For maximum sensitivity in this range, the Si active layer thickness ranges from tenths of a micron at the visible to several microns at the infrared wavelengths. Once the structure is grown, the well established Si processing technology can be utilized for fabrication. Combination of very long carrier lifetimes in Si and the high quantum efficiency rendered by the RCE concept can yield high performance optical devices. For example, taking advantage of novel structures such as transparent conductors,27 top illuminated charge coupled devices (CCDs) with high sensitivities can be fabricated on Si with GaP/AlP mirrors.
Since the spectral response and performance of Si RCE detectors are simiiar to Ge detectors except for the operation wavelength only a single device example will be pre- sented. Figure 11 shows the spectral response of Si detectors with 20-period GaP/AlP mirrors tuned at 6500 A (red)' as calculated using the transmission line analogy. The native Si surface was employed as the top mirror. A peak quantum efficiency of around 70% can be obtained for a 0.5~pm-thick Si layer. Using a similar structure with properly tuned mirrors, high sensitivity Si detectors can be realized for the entire visible spectrum.
CONCLUSIONS
Resonant cavity enhanced photodetectors for wavelengths ranging from visible to 1.5 ,um have been studied. Following a detailed analysis of the RCE detector response in which the influence of the standing wave effect on the sensitivity is included, we derived an expression relating the quantum efficiency to a number of cavity parameters. An alternative transmission line model technique has been discussed towards the calculation of the quantum efficiency for RCE detectors composed of very different materials. This numerical technique accounts for the field distribution within the cavity and the reflections from all the heterointerfaces. Spectral responses calculated by the transmission line analogy and the effective absorption coefficient approach (closed form relation) has been compared confirming the validity of the first-order approximation to the standing wave effect. Optimum design criteria for RCE photodetectors have been discussed analyzing the required properties of materials constituting different sections of an RCE detector. Following the guidelines of these rules, two novel detector structures have been proposed: Ge detectors with GaAs/ AlAs mirrors and Si detectors with GaP/AlP mirrors. The proposed Ge detectors can cover a wavelength range from 0.9 to 1.55 pm, whereas the Si detectors can be used for the entire visible spectrum and near-infrared wavelengths. Lattice, optical, and electronic properties of related semiconductors have been discussed with an eye towards the growth and fabrication of such detectors.
Using the aforementioned numerical methods, the spectral response of Ge and Si RCE detector examples have been calculated where all the related parameters, including the standing wave effect, the wavelength dependence of mirror reflectivities, and the refractive index variations for every heterointerface, are considered. The spectral responses of these devices with Ge and Si absorber layers have been presented for detector applications at 1.3-1.55 ,um and visible wavelengths, respectively.
